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Abstract 

We study contributions to the nucleon strange quark vector current form 
factors from intermediate states containing K* mesons. We show how these 
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using methods complementary to those employed in quark model studies. We 
also analyze the degree of theoretical uncertainty associated with K* contri- 
butions. 
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I. INTRODUCTION 



The role played by virtual qq pairs in the low-energy structure of hadrons remains one of 
the outstanding questions for hadron structure physics. Despite the evidence for important 
qq sea effects obtained with deep inelastic scattering, the experimental manifestations of 
explicit sea-quark effects at low energies are minimal. Partial explanations for this absence 
have been given using a non-relativistic quark model framework by the authors of Ref. 
|Ij], who noted that in the adiabatic approximation, virtual qq pairs renormalize the string 
tension and, therefore, do not have any discernable impact on the low-lying spectrum of 
hadronic states. Similarly, virtual qq effects - in the guise of virtual mesonic loops - which 
could conceivably lead to large p — to and <fi — uj mixing were shown to cancel at second order 
in strong couplings when a sum is performed over a tower of virtual hadronic states [0 . The 
latter result provides insight into the applicability of the OZI Rule to V-V mixing despite 
the naive scale of qq effects expected at one-loop order. 

Nevertheless, several mysteries involving qq pairs remain to be solved. Of particular 
interest are those involving nucleon matrix elements of strange quark operators, (iV|srs|iV). 
The latter explicitly probe properties of the qq sea at low energies, since the nucleon contains 
no valence strange quarks. Moreover, the mass scale associated with ss pairs - m s ~ Aqcd 
- implies that such pairs live for sufficiently long times and propagate over sufficiently large 
distances to produce observable effects when probed explicitly. In this respect, ss pairs 
stand in contrast with, e.g., cc pairs, whose effects one expects to be suppressed by powers 
of A QC D/m c ~0.1 [§. 

Some support for these simple-minded expectations is provided by determinations of 
(iV|ss|iV) from the irN "sigma" term [J3J and of (iV| 57^75,5 |iV) from polarized deep inelas- 
tic scattering || and neutrino-nucleus quasi-elastic scattering [|]. The former suggests that 
roughly 15% of the nucleon mass is generated by ss pairs, while the latter implies that strange 
quarks contribute about 30% of the total quark contribution to the nucleon spin[|. Measure- 
ments of {N\s^!j,s\N), which would provide information about the strange quark contribution 
to the nucleon magnetic moment and rms radius are presently underway at MIT-Bates J?|, 
Mainz ||, and the Jefferson Laboratory JJ. The first results for the strangeness magnetic 
form factor have been reported in Ref. |7j. One expects this set of (iV|srs|iV) determina- 
tions to provide a clearer picture of the qq sea than obtained from existing spectroscopic 
data alone. 

Despite over a decade of theoretical efforts to study nucleon strangeness, the theoretical 
understanding of s-quark matrix elements remains in its infancy. In the case of (N\s^ns\N), 
a plethora of predictions have been reported in the literature HT0|-|l^1. While a few lattice 
results have been obtained by different groups |[T0], they are not entirely consistent with each 
other nor with the recent first results for the "strange magnetic moment" obtained by the 
SAMPLE collaboration [[?]]. The remaining predictions - based generally on QCD- inspired 
nucleon models [111, 141 or low-energy truncations of QCD in a hadronic basis [ff2),ff3lff5| 



theoretical uncertainties associated with SU(3) breaking qualify the conclusions drawn from 
deep inelastic scattering experiments, however. 
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display a broad range in magnitude and sign. Recently, it has been shown why such trunca- 



tions - either in the strong coupling constant (g) expansion (loop order) [Ty, 17] or hadronic 
excitation energy (AE) [|TJj] - are untrustworthy and may produce misleading results. The 
implication of these studies is that the intuitively appealing picture of a kaon cloud around 
the nucleon does not suffice to describe ss fluctuations in the nucleon. It appears that one 
must include both the full set of virtual hadronic intermediate states |14] as well as the full 
set of higher-order rescattering effects for a given state p!B|JT7[ ] in order to obtain a physically 
realistic prediction. In principle, corrections to the leading order truncations in AE and g 
could be accounted for by the appropriate low-energy constants in chiral perturbation the- 
ory (CHPT); however, chiral symmetry does not afford a determination of the low-energy 
constant relevant to nucleon vector current strangeness [[y|. Hence, one must understand in 
some detail the short- distance strong interaction mechanisms responsible for the low-energy 
structure of the strange quark sea. 

In the present study, we amplify on the themes of Refs. P^I7| by studying the K* 
contribution to (Nl&j^slN) . Our objective is two-fold: (i) to illustrate, using an alternative 
framework to that of Ref . , how inclusion of higher-lying intermediate states may alter 
conclusions obtained when only the lightest "OZI-allowed" fluctuation is included, and (ii) 
to demonstrate the theoretical uncertainty associated with computing higher-lying contribu- 
tions. For these purposes, we restrict ourselves to second order in the strong meson-baryon 
coupling, g, when treating hadronic amplitudes iV — > YK* etc., fully cognizant of the 
shortcomings such a truncation entails. In fact, the kind of analysis of higher-order effects 
reported in Ref. [17| for the KK intermediate state does not appear feasible at present for 
higher lying states. Consequently, some form of model-dependent truncation is necessary 
when treating these states, and we do not, therefore, pretend to make any reliable numeri- 
cal predictions. Rather, we use the 0(g 2 ) (one-loop) truncation to illustrate the two main 



points stated above. In this respect, our study is similar in spirit to that of Ref. ||18|| , where a 
comparison at one-loop order was made to show that contributions from intermediate states 
containing no valence strangeness (3tc) and those containing valence s-quarks (KK) may be 
comparable in magnitude. 

In order to estimate the degree of theoretical uncertainty one has in the numerical pre- 
diction for the K* contribution, we use two approaches to carry out the calculation: (a) an 
explicit one-loop calculation, where form factors are included at hadronic vertices and the 
intermediate state S7^s matrix elements are taken to be point-like, and (b) a computation 
using dispersion relations, in which the NN — > KK, KK*, K*K* amplitudes are computed 
in the Born approximation but form factors are included at the s^^s insertions. These com- 
putations are outlined, respectively, in Sections II and III. In Section IV, we discuss the 



results of the calculations and compare with the conclusions drawn in Ref. [14 



II. ONE-LOOP CALCULATION 

The first "kaon cloud" estimates of (iV|s7^,s|iV) were obtained from the amplitudes as- 
sociated with the diagrams of Fig. 1, where only the contributions for B — B' — A, £ 
and M = M' = K were included [O. Here we consider the next heaviest contributions 



by including the octet of spin-one mesons as well as the pseudoscalars, and compute the 
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following amplitudes where, in each case, B = B' = A or S: (la) for M = K*; (lb) for 
M = M' = K*; (lb) for M = K, M' = K*; (lc) for M = K*. As we discuss below, the 
diagrams (lc) are required for consistency with the Ward-Takahashi identities. 

The resulting contributions to the strange-quark vector current matrix element are em- 
bodied in the Dirac and Pauli form factors defined via 



(N(p')\s^s\N(p)) = U(p') Ft\q 2 h, + i^-F?>(q 2 ) 



U(p) 



(1) 



2,171 jy 

where U(p) denotes the nucleon spinor. Recall that F^ s) (0) = 0, due to the zero strangeness 
charge of the nucleon. The leading nonvanishing moments of the corresponding Sachs form 
factors 



4m 2 ~ 



are the strangeness radius 



(r 2 s )s 



d 
dq~ 2 



g 2 =0 



and the strangeness magnetic moment 

H S = G«(0) = F 2 (s) (0) 



(2) 
(3) 

(4) 
(5) 



For future reference, we note that the Sachs radius (r 2 )s is related to the corresponding 
Dirac radius as 



(r 2 s )s = (r 2 s ) D + 



2m 2 



■fJ> s • 



(6) 



In order to extend the K — A loop framework to include i^*-meson contributions, we 
start from the meson baryon effective lagrangians 



£a/b = -igpsB^BK , 
C VB = -g v (B la BV a + 



K 



2m 



N 



-Ba a pBd a V p ) 



(7) 
(8) 



where B, K, and V a are the baryon, kaon, and K* vector- meson fields respectively, m^ = 
939 MeV is the nucleon mass and k is the ratio of tensor to vector coupling, k = gt/g v — 3.26, 
with gy/^/An = —1.588 |I9|| . The strength of the pseudoscalar coupling is g ps /y/ATT = —3.944 



In order to account in some way for the finite extent of the hadrons appearing in the 
loops of Fig. 1, we include form factors at the hadronic vertices. For simplicity, we adopt a 
monopole form 



F(k 2 



m 2 - A 2 
k 2 - A 2 



(9) 
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Although there is no rigorous justification for this choice, form factors of this type for the 
KNA and K*NA vertices are used in the Bonn potential. Their cut-off parameters are 
determined from hyperon-nucleon scattering data |Tj|: A^* = 2.2 (2.1), = 1.2(1.4) GeV 
with masses mjj = 495 MeV and = 895 MeV [p0| |. The numbers in parenthesis denote 
values obtained in an alternate model for the baryon-baryon interaction. The momentum of 
the K* is k. These form factors render all the following loop integrals finite and reproduce 
the on-shell values of the mesonic couplings (since F(m 2 ) = 1) . 

In the presence of electroweak fields the non-local meson-baryon interaction of Eqs. (|7|-|9]) 
gives rise to vertex currents. In order to maintain gauge invariance we introduce the photon 
field by minimal substitution of the momentum variable in the form factors^. This procedure 
generates the nonlocal seagull vertex |pl|,|22|JTl 



F(k 2 ) — F((q ± kf 
1 {q±k) 2 -k 2 



±7a + 



IK 



2m n 



Va/3 



k' j 



(10) 



where the upper/lower signs correspond to an incoming/outgoing vector meson (with index 
ot), Qk* = — 1 is the K* strangeness charge, and q is the photon momentum. 

Due to the derivative in eq. (§), the minimal substitution also generates an additional 
seagull vertex (even in the absence of meson-nucleon form factors) 



rj2(*) 



g v nQ 



K* 



2m 



N 



F{{q±k) 2 )a, 



a/i i 



(11) 



where the sign convention is the same as above. 

The diagonal matrix elements of s^f^s for strange mesons and baryons is straightforwardly 
determined by current conservation and the net strangeness charge of each hadron. The 
structure of the s-quark current spin-flip transition from K to K* is 



r t. 



KK 



*0? 2 



m K * 



ab 



(12) 



where a and b are isospin indices, e 13 is the polarization vector of the K*, and ki,k,2 are 
the meson momenta. In a loop calculation, F^ K *(q 2 ) is taken to be a constant equal to its 
value at the photon point. In order to estimate this constant, we follow Ref. and assume 
Fkk*(q 2 ) to be dominated at low-g 2 by the lightest I G (J PC ) = 0~(1 ) vector mesonsf]: 



- E 

V=LJ,(j> 



G 



Si 



K*VK^V 

q 2 — my 



where Gk*vk are the couplings of the vector meson V to K and K* 
strength of the strange-current conversion into V: 



(13) 



Sv determines the 



2 As noted in [21,15| and elsewhere this procedure is not unique since the Ward-Takahashi identity 
does not restrict the transverse part of the vertex. 



5 The validity of this assumption is discussed in more detail in the following section. 
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my fy 
fvfl 



(0\s^s\V) = S v e, = ^-^e, ■ (14) 



^From the known isoscalar electromagnetic couplings one can delineate the corre- 
sponding strange-current couplings with the help of a simple quark counting prescription 
based on flavor symmetry [ 12| : 



A _ ./q sine A _ ./q cose 

fi s) sin(6 + e) ' /(')" Vb cos(^ + e)' W 



Here e = 0.053 |^3J is the mixing angle between the pure uu + dd and ss states and the 
physical vector mesons to and 0, and 6q is the "magic ang le" defined by sin 2 6 = 1/3. 
From the above we find f u / fffl = —0.21 and fy/fff* = —3.11. Combined with the strong 
couplings Gk*4>k = — 8.94GeV _1 and Gk*l>k = 6.84 GeV -1 estimated in Ref. |23|] we finally 
obtain 

41,(0) = 1.84. (16) 

After these preparations^], we can evaluate the K* loop contributions to the nucleon's 
strangeness radius and magnetic moment. Explicit expressions for the loop amplitudes 
are given in Appendix A. The results for the different diagrams are listed in Table I. The 
implications of these results are discussed in Section IV. 



III. DISPERSION RELATION CALCULATION 

An alternative approach to computing virtual hadronic contributions to strange quark 
form factors is the use of dispersion relations (DR's). In principle, DR's provide a method 
for including information beyond second order in g, both via the strong amplitudes N — > 
YK* — > N and through the form factors describing the intermediate state matrix 
elements (F^^slF), (K*\sjfj,s\K) , .... The one-loop calculation of Section II is equivalent 
to the use of a DR in which the strong amplitudes N — > YK* — > N are computed in the Born 
approximation and the form factors assumed to be point-like: Fjf\q 2 ) = Fjf\0) = constf]. 

The inclusion of rescattering and resonance effects in the N — > YK* — > N amplitude 
would require the existence of sufficient data for KN —>■ NKtt, ... or NN — > KKn, KKw 
etc. to permit analytic continuation of these amplitudes to the unphysical regime as needed 
for the dispersion relation. Although such a program is feasible to some degree for the KK 
intermediate state ||17||, it does not appear practical at present for the case of higher mass 



4 Note also that the small SU(3) values for the T,KN couplings jT9| lead to a strong suppression 
of the contributions from T,K intermediate states |13[| . This argument does not affect, however, 
the Y**K and T,*K* contributions. 

5 The equivalence holds only when the hadronic form factors of Eq. (|9|) are set to unity. 
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strange mesons of interest here. Consequently, we include the amplitude for N — > YK* — > N 
at the level of the Born approximation. In the case of the Fjf'(q 2 ), however, it is possible to 
introduce some structure beyond the point-like approximation, albeit in a model-dependent 
way. Our strategy for doing so is discussed below. 

First, we review the formalism for treating strangeness form factors with DR's. We write 
an unsubtracted dispersion relation for the Pauli form factor and subtract the one for 



the Dirac form factor Fi once at t = (where F^ vanishes, see above): 



ff «) = - I 

71 J 

to 



t J ^mFfHf) 
t'(t> - t) 



t'-t 



where t = q 2 . The cut along the real t-axis starts at the threshold to of a given multi- 
particle intermediate state, as e.g. t = 4m 2 K for the KK state. From Eqs. ( [P7D one 
expects that contributions from the lightest intermediate states will mainly determine the 
behavior of the form factors at t — 0. The imaginary part of the form factors is readily 
obtained by means of a spectral decomposition. Since the matrix elements (N(p)\s , ~y f j - s\N(p')) 
and (N(p); N(p)\s'y fl s\0) are simply related by crossing symmetry, we write the spectral 
decomposition for the latter one as flTf , 



Im (N(p);N(p)\s'j fl s\0) = Im U(p) 



V(p) (18) 



7T 



(27r) 3 / 2 Ar^(iV(p)|J w (0)|n)(n|s7 MS |0)y(p)5 4 (p + p-p„), 

n 

where M is a spinor normalization factor, Z is the nucleon's wave function renormalization 
constant, and Jn{x) is a nucleon source. Nonzero contributions arise only from physical 
states |n) with the same quantum numbers as the current s7 M s, i.e. I G (J PC ) = 0~(1 ) 
and zero baryon number. These asymptotic states |n) in the above sum do not explicitly 
contain resonances. Resonance contributions arise via the matrix elements (jV(p)|Jjv(0)|n) 
and (n|s7 M s|0). In the vector meson dominance approximation, one assumes the product of 
the two matrix elements in Eq. to be strongly peaked near vector meson masses. This 
approximation has been used in several pole analyses of the strange vector form factors W2 



The lightest contributing intermediate states are purely mesonic: 3ir, 5n, 7ir, KK, KKn, 
9tt, KKtttt, . . ., in order. Intermediate baryon states NN, AA, . . . appear with significantly 
higher thresholds, to- In the present study, we restrict ourselves to the strange states and 
consider corrections to the KK state. The first such corrections (in order of threshold) 
are those involving the KKn and KKw intermediate states. In the previous section, 
these states were included using the narrow resonance approximation: KKn — > K*K and 
KK-r-r — > K*K*. In order to make contact with the loop results of Section II as well as 



with the calculation of Ref. |L4j where in effect the same approximation was made, we adopt 
the narrow resonance approximation here. We also include the AA and EE intermediate 
states, even though they are not among the lightest in the series, in order to compare the 
DR results with those of the loop and quark model calculations, which contain these states. 
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As noted earlier, we also include the strong amplitudes (N\ Jjv(0)|n) at the level of the 
Born approximation. For the matrix elements (n|s7 M s|0), parameterized by form factors 
F^ s '(t), we go beyond the point-like approximation, 

FM(0=FM(0)=J2, (19) 

of the one-loop and quark model calculations by allowing for some structure in the form 
factors. For the mesonic intermediate states, we make a simple vector meson dominance 
(VMD) ansatz. This ansatz is well justified for the KK state, following from e + e~ — > KK 



cross section data [25] and simple flavor rotation arguments ||12]| . The e + e~ — ► KK data 
indicates a strong peak in the vicinity of the resonance, with a subsequent rapid fall-off 
as q 2 (time-like) increases away from mi. Inclusion of a VMD-type form factor peaked near 
the 0-resonance significantly affects the KK component of the spectral functions [Eqs. (|18|)1 
and the resulting contribution to the strangeness moments as compared with the use of a 
point-like form factor. 

In the case of the KKir ~ KK* and KKirir ~ K*K* states, we take the F^(t) to be 



dominated by either the 0(1020) or the 0'(168O). Following Ref. [16] we write 



\F n (t) VDM \ - F n | [( ^ _ t)2 + M2r2] | , (20) 

where M = = 1020 MeV or m ¥ = 1680 ± 20 MeV, T = = 4.43 ± 0.05 MeV or 
I> = 150 ± 50 MeV are the total widths of the or 0' ffl, and £ 2 = M 2 — T 2 /4. As we 



note below, we need only the magnitude of the form factor in the present calculation, as the 
n — > NN amplitudes are real in the Born approximation. Because the states KKw ~ KK* 
and KKtttt ~ K*K* contribute to the DR of Eq. (|I~7|) for to > m 4>i we expect higher mass 
vector mesons to play a significant role in the F^ (t) in the region of integration. 

The case for 0' dominance is most convincing for the KK7r intermediate state. Data 
for cr(e + e~ — > KgK ± 7i T ) in the range 1.4 < a/s < 2.18 GeV display a pronounced peak 



near y/s = 1.680 GeV J2B|. Furthermore, Dalitz plot analyses imply that the final state 
is dominated by a K*K <-> KKn resonance. The OZI rule implies that the 0' is nearly a 
pure ss state, while SU(3) relations and data for cr(e + e _ — > pn; ^Js w 1.65) constrain the 



uj' — 0' mixing angle to deviate by less than 10° from ideal mixing |27j . While the tails of 
the p(770), cj(780), and 0(1020) affect details of the peak structure, the dominant effect is 
that of the 0' ||27|| . In the absence of any other structure in a(e + e~ — > KKir) in the region 
t > t , we conclude that Fj^ K *{t) should also be dominated by the 0'(168O). Indeed, the 
ujcf) model of Eq. (JX5|) , which is credible for low-t, is inconsistent with annihilation data for 
t > t . Using it in this region would generate an artificial suppression of the KKir spectral 
function. 

With these considerations in mind, it is straightforward to determine the normalization 
Ffjf, appearing in Eq. (p0|). Following the notation of Ref. f23" |, we obtain 



Frk* — GKK'pmic*/ 'fffi , (21) 

where ~ —3//^, and Gkk*4>' is the strong 0' — > KK* coupling. The latter may be 

obtained from T(0' — > KK*) which, for a single final charge state is 
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T(<f ) '^KK*) = ^f^\k F f , (22) 

where kp = 463 MeV is the K or K* CM momentum. Assuming r(0' — > all) is dominated 
by r(0' -> KiT*) 0, we obtain |GW^'| « 3.8 GeV" 1 . 
Similarly, the 0' electronic width determines fy: 

W - « + «") = ^4 • (23) 



Analyses of e + e data yield r(0' — > e + e ) = 0.7 keV p^,^0j, from which we obtain « 23. 
The factor of —3 appearing in the relation between and ff£ assumes ideal mixing [see 
Eq. ([151)1. Allowing for a small deviation |e| < 10° does not change our results appreciably 
especially since the u>' is not observed to decay to KKix. 

Substituting these results into Eq. fl2~ID yields F^ K * = Fg K *(0) = 0.43, to be compared 
with the value F^ Kt (0) = 1.84 used in loop calculation. We emphasize the latter value results 
from assuming only the u and contribute to F^ K *(t), whereas the former is obtained 
when only the 0' is included. Depending on the relative phase of the (puxp) and (/Xf0)' 
contributions in e + e~ — > KKn, the 0' will either increase or decrease the point-like value 
(1.84) for this form factor by about 25% . At the KK* threshold, the 0' contribution to 
Fkk* is about half as large as that from the 0, but becomes nearly five times larger in the 
vicinity of t = m 2 ^,. For purposes of estimating the t-dependence of F^k* m the region 
t > to, then, inclusion of only the (f)' appears to be a reasonable approximation^]. We note in 
passing that our estimate of the <$' contribution carries an uncertainty of 25% or more, as 



the experimental values for T((f)' — > KKir, e + e ) carry experimental errors of > 25% |28| . 

The implications of e + e~ data for F^}(t) are less clear. To our knowledge, there exists 
no annihilation data giving K*K* branching ratios. In e + e~ — > KKtttt (1.4 < s/s < 2.18), 
for example, the Kn invariant mass distribution is consistent with production of only one 
K* per event ||29|| . Consequently, the data cannot be used to infer a K* EM or strangeness 
form factor for t > to, and we must rely on a model. Given the evidence for cf)' dominance of 
Fkk* (t) an d for (f) dominance of F^ (t) as well as the absence of experimental observation of 
any 0~(1 ) ss mesons with mass > 2m^., it is natural to assume that the t-dependence of 
F^l (t) is governed by the tails of the known ss vector mesons. For simplicity, we include only 
one ss resonance - either the </> or the <$' - using the form of Eq. (p0|). The normalization 
Fk* = \Qk*\- In the DR results displayed in Table I, we quote a range of values, the limits of 
which correspond to using either the or 0'. A more realistic parameterization of F^l(t) is 
likely to include some linear combination of and 0' poles, as well as small contributions from 
the u> and uj' . Existing information does not permit us to determine this linear combination. 
Consequently, we use the ranges appearing in Table I to estimate the uncertainty in the 
K*K* contribution associated with lack of knowledge of the K* strangeness form factor. 



6 A more sophisticated treatment, including the tails of the and to, would - as in the purely 
EM case - affect the shape of the form factor near the 0' peak and the resultant KK* spectral 
function. 



9 



For the intermediate hyperon form factors, we are aware of no electromagnetic data to 
provide guidance for the choice of F^ s \t). We therefore work in analogy with the proton 
EM form factors, since both F^\t) (B = A, S) and Fp^' OTON (t) involve matrix elements 
of vector currents having unit conserved charge in the states of interest. Consequently, we 
adopt the standard dipole form factor for the Dirac strangeness form factors of the interme- 
diate hyperons. Since the corresponding strange magnetic couplings are unknown, we omit 
magnetic form factors altogether. Because the resulting contributions to the strangeness 
moments are generally small compared to the mesonic contributions, we do not expect the 
uncertainty associated with Fg\t) to be problematic. 

Under these assumptions, our calculation proceeds as follows. The spectral functions 
entering Eqs. (IT7D have the general form 



Im F(t) = Re [A} =1 {t) Fi'Ktr] = W=i(*)l (1 + 7n ) , (24) 

where Aj =1 is the appropriate combination of J = 1 partial waves for the process n — > NN 
and 7 n is a correction arising from the difference in phases between the amplitude Aj =l and 
F^ This correction can vary between —2 and and depends on t. At present, we are 
unable to determine 7 n for the intermediate states considered here, and set 7„ = to obtain 
an upper bound. 

To compute the A n J=x (t) in Born approximation, we calculate the imaginary parts of the 
diagrams (a) and (b) in Fig. 1 assuming point-like strangeness form factors, Fjf\t) = 1. We 
neglect the hyperon-nucleon mass difference and take m Y = m N . The seagull diagrams do 
not have an imaginary part, so we obtain no contributions from diagrams lc. Furthermore, 



from Eq. (18) the individual contributions are manifestly gauge invariant in this approach. 
We calculate the imaginary parts of the corresponding diagrams with cutting rules |31| 
and insert them into the dispersion relations Eqs. (|T7D. To obtain the imaginary parts it 
is convenient to consider the crossed t-channel matrix element (N(p); A^(p)|s7 M s|0). The 
generic form of such a diagram is shown in Fig. 2. The different choices for the internal 
lines I, II, and III are shown in Table II. The equivalent of the previous kaon loop result is 
recovered if the internal lines are chosen as in case 1 and 2. In the following, we outline our 
calculation for the cases 3-5. In case 3 and 4, both kaons have been replaced by K* vector 
mesons, while one kaon and one K* contribute in case 5. 

We choose to work in the center-of-momentum (CM) frame of the nucleon-antinucleon 
pair, where q = (uj,0). The loop diagrams lead to a physical reaction for t > 4m 2 N , which 
is the minimal energy required for the creation of a iVA^-pair, and we have p' = (u/2,p') 



and p = (uj/2, —p') with p t = \p'\ = yt/4 — m 2 N . We define the contribution of a particular 
Feynman diagram with vertex function V ^ as 

Mf = -iu(p')Tfv(p) . (25) 

These vertex functions are then multiplied by the strangeness form factor IF^^vdm] from 
above as indicated by Eq. (^4j). Our choice for the momenta of the internal lines is indicated 
in Fig. 2. 

For the cases 3 - 5 we obtain the vertex functions shown in Appendix B. The imaginary 
part of is always finite; hence, the divergencies of the d 4 k integrals are without conse- 
quences. The vertex functions have branch cuts on the real axis for t > (mi + ran) 2 . 
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Their real part is continuous, such that the discontinuity associated with the cut is reflected 
only in the imaginary part. In the CM-frame of the nucleon and antinucleon, we have to 
calculate 

Im r" = — AT^ = — lim (T^(cu + i8) - r"(w -*<*))■ (26) 



In particular, we obtain the discontinuity AI^ using the Cutkosky rules |gTJ by cutting the 
lines I and II, i.e. by replacing the propagators of these lines by S functions, 

> -2ni9(p )5(p 2 -m 2 ) . (27) 



p2 _ m 2 _|_ j £ 



As a consequence, the discontinuity arises when the particles I and II in Fig. 2 are on-shell. 
Due to the delta functions, the d 4 k integration covers only a finite part of the k space, 
leading to a finite value of the integral. Next we write d A k as dko k 2 dk dQk and use the 
delta functions to carry out the dko and dk integrations. Moreover, the dQk integration 
involves only x, the cosine of the angle between k and p'. The denominator of the remaining 
propagator acquires the structure z + x, where z depends on the particles internal to the 
loop. 



2(2m 2 N — m 2 K ,) — t n | m 2 
2mL - 1 



Case3 : z= K N A ^ K 1 = -(1 + ^-) (28) 



Apf 2p, 



Case 4 : z = (29) 

4p t q t 



y/t/4 



Case 5 z= m ^ + m ^ ~ 2( & ~ V yj + m l)^t + m l*~) ~ 1 m) 

Sptqt 1 ' 



it = 7^\/ t2 + ( m2 K* - m l) 2 ~ 2t{ m l* + m l) 

Finally, Im Y ^ can be expressed through Legendre functions of the second kind, and, using 
the relation 

Imr, = 7^Im F\ + i^ImFs , (31) 
2m 

the contributions to the imaginary parts of the Dirac and Pauli form factors for t > 4m^, 
respectively, can be identified. The emerging spectral functions are valid for t > Am 2 N . The 
dispersion integrals, however, start at t = (mi + mu) 2 , with mi and mn the masses of the 
loop particles I and II, respectively. Consequently, the imaginary parts of the diagrams with 
two internal meson lines have to be analytically continued into the unphysical region (mi + 



mn) 2 < t < Am 2 N , by replacing the momentum p t = ^Jt/A — m 2 N by ip- = i\Jm 2 N — t/A. 
Similarly, the variables z become complex (z — » and the Legendre functions of the 
second kind must be analytically continued as well. 

Inserting now the imaginary parts and their analytical continuations in the unphysical 
region into the dispersion relations of Eq. (jI7[), we obtain the KK* and K*K* contributions 



11 



to the strangeness form factors of the nucleon. In particular, the dispersion relations for the 
K* loop contributions to the strangeness radius and magnetic moment read 

7T Jto 

A* W = ~ / 

7T Jt 

where {t 2 )d is related to the Sachs radius via Eq. (^). For most of the intermediate states 
considered here, the dispersion integrals in Eqs. (|32| , |33|) converge when a non-pointlike form 
for the F^'{t) is employed. However, the tensor K*NB (B = A, S) coupling renders the 
K*K* divergent even when the VDM form factor is included. To regulate this integral, we 
note that the unitarity of the S-matrix implies that the NN — > K*K* amplitude is bounded 
in magnitude for scattering in the physical region, t > 4m^. The Born approximation 
for this amplitude does not respect this boundedness property, signalling the importance 
of higher-order rescattering corrections ||16|| . At present, since we wish only to obtain an 
estimate for the K* contributions, we replace the Aj =1 (t > 4m%) by its value at the physical 
threshold, A} =1 (t = 4m^). We make the same replacement in the integrals for the KK* 
intermediate state. This procedure leads to a crude upper bound on the contribution to the 
integrals from the integration region t > 4m 2 N . 

The results of the DR estimates of the various contributions are quoted in Table I. 
The DR results for the KK contribution given in Table I were obtained using the rigorous 
unitarity bound. We stress that the K* results give rough upper bounds on the various 
contributions, not only because of the boundedness of the strong amplitudes but also be- 
cause the phase difference correction, j n , is not known. We also do not compute the total 
contributions from the various states, as we cannot presently determine their relative phases. 
Only in the one-loop calculation of the previous section are the relative phases fixed by the 
model. 

IV. DISCUSSION AND CONCLUSIONS 

The results shown in Table I illustrate the two primary conclusions of our analysis: (i) 
contributions from higher mass intermediate states to the strangeness moments are not 
necessarily small compared with those from the lightest "OZI allowed" state KK ; (ii) 
estimating these higher mass contributions can entail a significant degree of theoretical 
uncertainty. 

In the one-loop model, the K* contributions can be as much as an order of magnitude 
larger than those from the kaon loop. The origin of this result can be traced to two factors: 
the tensor coupling of the NAK* vertex is much larger than the NAK coupling, and the 
cut-off of the Bonn form factor involving the K* is about twice as large as that involving 
the kaon (A# = 1.2 GeV). In the case of the former, omitting the tensor coupling reduces 
the contribution to the strangeness radius by a factor of five to ten and yields a near exact 
cancellation between the KK, KK*, and K*K* contributions. In the case of the strange 
magnetic moment, the large K*K* and KK* contributions drop by two orders of magnitude 
when k is set to zero. 



, ImF, (s) (t) 



(32) 
(33) 
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The effect of the larger cut-off is particularly emphasized in graphs which contain deriva- 
tive (i.e. tensor) couplings of the K*. These couplings bring in additional powers of the 
loop momentum k and the corresponding loop integrals therefore receive larger contribu- 
tions from k of the order of the cut-off. However, the importance of loop momenta above 
~2 GeV points to weaknesses of the one loop approximation. As we discuss in more detail 
below, the large K*KA and K*K*A contributions (lb) appear to result from un-physical, 
un-realistically large values of the integrand for large loop momenta. Physically realistic 
contributions from these intermediate states are likely to be much smaller. 

In fact, the DR contributions from the KK* and K*K* states are significantly smaller 
in magnitude than those generated in the loop model, though they are still comparable to, 
or larger than, the KK contribution. The reduction in the magnitude of these contribu- 
tions from the loop model estimate reflects two factors: the boundedness of the n — > NN 
scattering amplitude in the physical region and the presence of more realistic, non-pointlike 
F^(t). Although we have only implemented the boundedness crudely for the KK* and 
K*K* states, the requirement that the partial waves are bounded in the physical region 
{t > 4m^) is a rigorous one, following from the unitarity of the S-matrix. Since a one-loop 
calculation is equivalent to a DR in which the (t) are taken to be pointlike and the A " =1 
computed in the Born approximation, the one-loop results do not respect the boundedness 
requirement. The presence of hadronic form factors [Eqs. @] does not remedy this violation 
since they preserve the on-shell form for the n — > NN amplitudes. 

In the KK case, the unitarity violation of the one-loop calculation was shown to be 
16|j . For the intermediate states containing a K*, this violation appears to 



a serious one 



be all the more serious, as a comparison of the DR and loop results suggests. The tensor 
coupling of the K* to baryons weights the K*K — > NN and K*K* — > NN amplitudes more 
strongly in the physical region, relative to the un-physical region (to < t < 4m^), than in the 
KK —>■ NN case. Consequently, the physical region contributes a substantial fraction of the 
entries (lb) for the K*K and K*K* states (80% of the total in the K*K* case) - even after 
the imposition of a crude bound on the Aj =1 and inclusion of non- pointlike F$(t). Had we 
not imposed even our rough bound, the K*K* contribution to (r^)D, for example, would 
have been five times larger. We conclude that the large contributions to the strangeness 
moments resulting from the one-loop model are not physically realistic. 

We emphasize that the DR calculation given here - though containing more physical 
information than the one-loop model - remains incomplete. A rigorous unitarity bound 
for the K*K and K*K* amplitudes remains to be implemented, as has been done in the 
KK case. More importantly, the impact of higher order (in g) rescattering corrections and 
possible resonance effects in the v4} =1 (to < t < 4ra^) must also be estimated. In the KK 
case, these effects significantly enhance the (rf) contribution over the entry KKA (lb) in 



Table I [17]. This enhancement arises primarily from a near threshold 0(lO2O)-resonance in 
the KK — > NN amplitude. Similarly, we expect inclusion of K*K and K*K* rescattering 
and cj)' resonance effects in the A n J=x to modify the K*K and K*K* entries in Table I. 
Unfortunately, sufficient KKn -> NN (or KN -> KtxN) and KKmr -> NN (KN -> 
KNnn etc.) data do not presently exist to afford a model-independent determination of 
these effects. 

Given that higher mass contributions to the strangeness moments need not be small 
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compared to that from the KK, it is desireable to reduce the theoretical uncertainty in the 
former as much as possible. The K*K*A (lb) entry hints at the level of this uncertainty. 
Our "reasonable range" for this contribution allows for about a factor of four to seven 
variation, which follows from the choice of different, but reasonable, K* strangeness form 
factors. Based on our previous study of the KK contribution, as well as the behavior of 
the scattering amplitudes in the physical region, we may reasonably expect a similar level 
of uncertainty associated with the presently unknown rescattering and resonance effects in 

■ I aK*K, K*K* 

the A J=1 

To summarize, we have estimated K*K and K*K* contributions to the nucleon 
strangeness moments, using two approaches which complement the quark model calcula- 



tion of Ref. fll4[ . Our results confirm the conclusions reached in that work that higher 
mass hadronic states can be as important as the KK state and that a calculation of the 
strangeness moments based on a truncation in AE is not reliable. Similarly, we illustrate 
the significant theoretical ambiguities involved in estimating these higher mass contributions 
- particularly those associated with effects going beyond 0(g 2 ) and with the intermediate 
state strangeness form factors. In this study, we have taken the first steps toward including 
the latter in a realistic way. We find that inclusion of physically reasonable parameteriza- 
tions of the F&(t) can appreciably affect the K*K and K*K* contributions. Even here, 
however, our efforts are limited by a lack of existing EM data. In the case of higher-order 
and resonance effects in the strong amplitudes, it should be evident that simple models 
which do not account for them can produce physically unrealistic estimates of the higher 
mass intermediate state contributions. Clearly, more sophisticated approaches are needed 
in order to understand how ss pairs live as virtual hadronic states. 
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APPENDIX A: VERTEX FUNCTIONS: LOOPS 

In the following appendices we list the explicit expressions for the one-loop diagrams 
considered in Section 

They are numbered as in the figures: (la) for M = K* and B — B' — A, E; (lb) for 
M = M' = K* and B — B' — A, E; (lb) for M = K, M' = K\ and B = B' = A, E; (lc) 
for M = K* and B = B' = A, E. 
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S( P - k) ( 7/3 - i^^fc 



(Al) 



ri U V,P) = -i^ / ^F{{k + q y)F{k 2 )D«\k + q)D°P{k) ( 7a + 



(27T) 



+ i 2^ <7av ^ k + q Y i + q ^ 9aX - ( k + <?)<xfiV - k x gan\ x 



K 



S(p - k) ( 7/3 - i o Pl W ) , for M = M' = K* 



= _ ^^(°) e /^{F((A; + g) 2 )^(A; 2 )^(A; + g)x 

A(A; 2 )(A; + g )"fc A ( 7/? + i^^s(k + g)* 5 ) S(p - A;) 75 + 
+ F(k 2 )F K ((k + q) 2 )D a ?(k)A((k + qf)k v {k + g) A 7 5 x 
5(p - k) ( 7/3 - z^-a^A; 5 ) } , for M = K , M> = K* 



(A2) 



(27T) 



(g + 2fc), 



_(g + /c) 2 - k 2 



(9 2A; )m + 



-F((k-q) 2 )) ( 7a + i- <j au k v )S(p'-k) (7/?-i- c%,£; 7 



+ 



+ 



K 



2m 



N 



F((k + g) )a afJ ,S(p - fc) ( 7/3 - i l^^ a Pi kl ) + 



F((k - qf) ( 7a + i^-^r) - fc)^] } , 



(A3) 



In the above equations we define p' = p + q and use the notation D a p{k) = {—g a p + 
k a kp/m 2 K *)(k 2 — m\, +ie)~ 1 for the K* propagator, A(k 2 ) = (k 2 — m 2 K + ie)~ 1 for the kaon 
propagator, S(p — k) = (jb — i/b — itlb + ie)^ 1 for the hyperon, B, propagator with mass 
m\ = 1116 MeV, m 2 = 1193 MeV and strangeness charge Qb = 1- 
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APPENDIX B: VERTEX FUNCTIONS: DISPERSION CALCULATION 

Here, we display the vertex functions for the dispersion relation calculation of Section 
III. We require the product of propagator denominators and \F^(t) V DM\ for the cases 3-5. 
This product is abbreviated by 

X? 3 = {[(k- q/2) 2 -m 2 N - ie][(k + q/2) 2 - m\ - ie\ (Bl) 
[ft/ — k — q/2) 2 - m\. - ie]}' 1 \F^(t) VDM \ , 

for case 3 and accordingly for cases 4 and 5. The vertex functions are labelled as in section 
III (Table I). We obtain: 

Case 3 (K*K*B la) : 

r< 3) = -iQsgl / (0z (7a + £^°«Ap' ~ k ~ q/2Y) (B2) 
(j& + 4/2 + m JV )7 M (^ - 4/2 + m N ) 
{la' ~ 7T— a a'u'(p' ~k- q/2) u ') 

Z7Yl N 

(9 aa ' -ip'-k- q/2) a (p' -k- q/2) a '/m 2 K ,)V 3 
Case 4 (K*K*B lb) : 

r?> = -iQk*9 2 v J ^ (7/9' + ^<W* + q/2Y) (B3) 

_ ( fc + g /2f (A; + q/2f/m 2 K ,) 
- (k - q/2) a {k - q/2Y'lm 2 K ») (/ - £ - + m w ) 
fthtfpa - g^(k + g/2) a - # a/1 (/c - 

(7a' - T^—cr a 'u'(k - q/2) v ')V A 
Case 5 (KK*B lb) : 

I? > ^ / 70 (7, + + q,2T) (B4) 

(gPt l -(k + q/2f(k + q/2)f , /m 2 K .) 
£vP P n{k + q/2) a q p (f - ft; - 4/2 + m N ) lb V b 
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TABLES 



Contribution 


(r s )D (rm J loop 


\{r s ) D \ (fm ) DR 


/i s loop 


i , , i in) 
AM l)**- 


KKB la 


0.006 


0.001 


-0.107 


0.023 


KKB lb 


-0.009 


0.036 


-0.078 


0.143 


KKB lc 


-0.004 





-0.069 





KKB tot 


-0.007 




-0.24 




K*K*B la 


0.075 


0.001 


-2.283 


0.053 


K*K*B lb 


-0.038 


0.003 -> 0.012 


-2.343 


0.059 0.408 


K*K*B lc 


-0.007 





0.499 





K*K*B tot 


0.030 




-4.127 




lb 


0.078 


0.035 


1.015 


0.425 


total 


0.101 




-3.352 





TABLE I. Intermediate state contributions to the strange magnetic moment fi s and the electric 
strangeness radius {r 2 s )c. The contributions are labelled according to the diagrams in Fig. 1 and 
the intermediate state particles. 



Case 


I 


II 


III 


1 


K 


K 


A, E 


2 


A, E 


A, E 


K 


3 


A, E 


A, E 


K* 


4 


K* 


K* 


A, E 


5 


K 


K* 


A, E 



TABLE II. Particles assigned to the internal lines in the loop diagram of Fig. 2. 
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FIGURES 



M 



M 



M' 



N B c B' N N B N 



(a) 



(b) 



M M 




(c) 

FIG. 1. Diagrams representing KB and K*B contributions to nucleon strangeness form factors. 
Solid line represents baryon (B) and dashed line indicates meson (M, M'). Fig. (la) gives BB 
contribution; (lb) gives KK, K*K, and K*K* contributions; (lc) indicates seagull contributions 
required by gauge invar iance. 
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FIG. 2. General form of the calculated loop diagrams. The various combinations of interme- 
diate particles considered in our calculation are listed in Table 0. 
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